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(S) Satellite system cell management 

@ There is provided a method and means for 
controlling the amount of overlap (90,91,92) and 
gaps In coverage of antenna pattern cells (1-37) 
of a moving satellite communication system 
(49), by determining the relative spatial location 
(200) of overlapping or gaping ceils (90, 91, 92) 
of converging or diverging satellites (40, 42) as 
a function of time ; determining a point where 
antenna coverage of one or more cells from a 
first moving satellite (40) will overlap (202) or 
gap (207) one or more cells from a second 
satellite (42) ; and, turning off (211) or on (209) 
one or more of the overlapping or gaping cells 
so as to eliminate Interference therebetween 
without leaving substantial coverage gaps be- 
tween adjacent antenna patterns (80, 81). 
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Field of the Invention 

The present Invention pertains to multiple satel- 
lites moving relative to each other and with antennas 
having multiple cell coverage of the earth. 

Background of the Invention 

Satellites are becoming Important links for com- 
munication between stations at different locations 
throughout the world, particularly for mobile commu- 
nication stations. For a satellite system to give world- 
wide coverage, a network or constellation of satellites 
Is desirable. The minimum number of satellites and 
their orbital requirements to achieve continuous sin- 
gle or multiple coverage on various parts of the earth 
have been described in The Journal of the Astronaut- 
leal Science, for example, "Analytic Design of Satellite 
Constellations for Zonal Earth Coverage Using In- 
clined Circular Orbits - by L Rider, VOL 34. No. 1 Jan- 
uary-March 1986, pp. 31-64, and "Circular Polar Con- 
stellations Providing Continuous Single or Multiple 
Coverage Above a Specified Latitude" by W.S. Adams 
and L Rider, Vol 35, No. 2 April-June 1987, pp. 155- 
192. 

Each satellite within such a satellite constellation 
has one or more directional antennas producing a 
coverage pattern on earth referred to as the •foot- 
print" of the satellite antenna. When multiple polar or- 
biting satellites are used, the satellites converge to- 
wards the poles and antenna footprints begin to over- 
lap. 

In the past overlap of antenna patterns has often 
been desired (see for example, Adams and Rider, su- 
pra). But, where the antenna footprint is made up of 
separate "cells" in which individual communication is 
to take place, overlap may not be desirable. When 
ceils from one satellite overlap cells from another sat- 
ellite, there is redundancy of coverage and potential 
communication interference. Thus, there is an ongo- 
ing need to avoid such interference problems In multi- 
satellite cellular systems. 

As used herein, the term "satellite" is meant to in- 
clude any satellite moving relative to another satellite. 
Non-limiting examples are, multiple satellites which 
converge during orbit or one or more satellites moving 
relative to a geostationary satellite. The term "cell" is 
intended to refer to one or more portions of an anten- 
na pattern in which communication may occur inde- 
pendent of communications in other portions (i.e., 
other cells) of the antenna pattern 

Summary of the Invention 

Accordingly, a purpose of this Invention Is to pro- 
vide an antenna coverage management means and 
method which modifies satellite antenna patterns so 
as to reduce or eliminate interference or signal con- 



fusion to a ground-based user communicating with 
one or more of the satellites. 

A method of operation of a satellite communica- 
tion system Involving two or more satellites whose an- 

5 tenna patterns overlap or gap during some portion of 
an orbit of at least one of the satellites, comprises; de- 
termining, respectively, first and second antenna cov- 
erage patterns of antennas of first and second satel- 
lites; determining when the first and second antenna 

10 coverage patterns overlap or gap as one of the first 
or second satellites moves with respect to the other; 
and modifying the antenna coverage pattern of one 
or both satellites as a function of time to avoid sub- 
stantially interfering overlap or significant no-cover- 
ts age gap. 

In a preferred embodiment, the antenna cover- 
age patterns comprise cells whose activity Is adapted 
to be modified and the first determining step compris- 
es computing locations of centers of at least periph- 

20 eral cells of the antenna patterns and calculating cen- 
ter-to-center distances of approaching or receding 
cells of the first and second antenna coverage pat- 
terns. The calculated center-to-center distances are 
desirably compared to predetermined center-to-cen- 

25 ter distances for the same cells and the antenna cov- 
erage pattern of one or both satellites modified when 
the calculated center-to-center distances differ from 
the predetermined center-to-center distance where 
substantial interference or non-coverage gap would 

30 occur as the satellites approach or depart The anten- 
na coverage patterns are modified by changing the 
number or size or location or activity of the cells, or 
by turning particular cells on or off. 

There is further provided a system for managing 

35 satellite antenna coverage to avoid interference or 
gaps between antenna patterns of approaching sat- 
ellites, comprising, memory means for storing infor- 
mation concerning predetermined portions of an orbit 
when an antenna pattern of one satellite will or will not 

40 interfere with an antenna pattern of another satellite, 
satellite locator means for determining current orbital 
information of the one satellite, and controller means 
for comparing such current orbital information to the 
stored orbital Information to determine when a prede- 

45 termlned decision criteria is met, and then modifying 
an antenna pattern associated with the one or other 
satellite to avoid substantial interference or gaps be- 
tween their antenna patterns. 

In a preferred embodiment, the system further 

50 comprises a communication routing matrix for altering 
routing of transmitted or received signals to or from In- 
dividually controllable cells of an antenna and the 
memory means, locator means and controller means 
are on board one or the other satellite. 

55 The antenna pattern contains ceils and wherein 
the controller means for modifying the antenna pat- 
tern further desirably comprises means for turning off 
or oh individual antenna cells or for varying the shape 
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and size of Individual antenna cells. 

Brief Description of the Drawings 

FIG. 1 Is a simplified diagram depicting multiple 
low earth orbiting satellites in substantially polar 
orbits around the earth; 
FIG. 2 is a simplified view showing antenna cov- 
erage patterns of adjacent satellites as projected 
on the earth without antenna ceil management 
and at different points In their polar orbits; 
FIG. 3 Is a simplified view showing antenna cov- 
erage patterns of adjacent satellites as projected 
on the earth with antenna cell management and 
at different points in their polar orbits; 
FIG. 4 is a diagram showing preferred antenna 
coverage patterns (i.e. "foot-prints") of three ad- 
jacent satellites and the individual cells within 
each foot-print; 

FIG. 5 shows an example of adjacent antenna 
pattern cells with center-to- center distances 
among several cells marked thereon; 
FIG. 6 is a simplified flow diagram showing a pre- 
ferred method for determining which cell to turn 
off or turn on; and 

FIG. 7 shows a hardware embodiment for carry- 
ing out the satellite cell management method. 

Description of the Preferred Embodiment 

The present invention provides a novel cell man- 
agement method and apparatus for determining 
which cells of a multi-celled satellite antenna pattern 
to turn on and off or otherwise vary as a function of 
time and/or orbital position. While the method and ap- 
paratus of the present invention are described for a 
constellation of low earth orbiting satellites, this is 
merely for convenience of explanation and not intend- 
ed to be limiting. The present invention applies to any 
system having at least two relatively moving satellites 
whose antenna foot-prints have varying overlap. 
Both satellites may be moving or one may be moving 
and the other geostationary. 

FIG. 1 shows a constellation of low earth orbiting 
satellites of satellite communication system 49 In a 
substantially polar orbit. Satellite 42 moves around 
earth 59 in orbit 50. Satellites 40 and 41 move around 
earth 59 in orbit 51. Satellites 43 and 44 move around 
earth 59 In orbit 52. Satellite 45 moves around earth 
59 in orbit 53. Satellites 46 and 48 move around earth 
59 in orbit 54 and satellite 47 In orbit 55. Earth 59 has 
north pole 60 and south pole 61. Equator 62 Is shown 
as a dotted line on earth 59. 

Arrows 63 thru 68 indicate the direction of orbits 
50 thru 55 as seen from a distant point In space. Or- 
bits 50 thru 53 move towards pole 60, and once past 
pole 60 they descend toward pole 61. Orbits 54 and 
55 move towards pole 61 and once past pole 61 as- 



cend toward pole 60. There is a region where the or- 
bits of the satellites moving toward pole 60 (e.g., orbit 
53) and the orbits of the satellites moving towards 
pole 61 (e.g., orbit 54) are In opposite directions. This 
5 difference between adjacent orbits where the satel- 
lites are orbiting in opposite directions is called the 
"seam*. The relative velocity of satellites moving in 
"opposite-direction' orbits 53, 54 on either side of the 
seam is much greater than the relative velocity be- 
to tween satellites in the "same-direction" orbits 50-53. 
It is apparent from FIG. 1 that the separation dis- 
tance between satellites in adjacent orbits, (for exam- 
ple, between satellite 40 and satellite 44), decreases 
as they approach the poles and that the separation 
15 distance increases as the satellites recede from the 
poles. The maximum separation between satellites in 
adjacent orbits occurs at equator 62, and the mini- 
mum separation at poles 60 and 61. The separation 
distance between satellites in the same orbit remains 
20 the same. For example, the separation distance be- 
tween satellites 40 and 41 remains constant while the 
separation distance between satellites 40 and 44 
changes. The same is true of the satellites in other or- 
bits. 

25 FIG. 2 is a simplified view showing antenna cov- 
erage patterns (i.e. "footprints") 80 and 81 of satellites 
42 and 41 , respectively, of FIG. 1 as projected on the 
earth at different points in their orbits 50,51 according 
to the prior art (e.g. see Rideror Rider and Adams, su- 

30 pra). At equator 62, antenna coverage patterns 80 
and 81 are just touching each other. Near pole 60 an- 
tenna coverage patterns 80 and 81 (now labeled pat- 
terns 80' and 81 *) overlap to a great extent because 
orbits 50, 51 and satellites 42, 41 converge. As the 

35 satellites approach pole 60, there is significant over- 
lap of antenna pattern coverage. The overlaps vary 
from substantially zero at the equator to over 50 per- 
cent at the poles. "Overlap" is defined as the region 
on the ground where an Individual Subscriber Unit 

40 (ISU) or other earth-based user transmitting to and 
receiving from a satellite would be within the antenna 
pattern and recognized as a vaJid user by either of the 
satellites. 

The calculation of the antenna coverage pattern 
45 is well known to those skilled In the art By knowing 
parameters of a satellites orbit (i.e., altitude and dis- 
tance of the surface of the earth), the characteristics 
of the antenna (i.e., gain, radiation pattern), the pow- 
er of the transmitter, and the receivers' sensitivity, 
so the size and shape of the coverage pattern for each 
antenna cell and antsnna can be calculated for any 
point of the satellites orbit, see for example, "Anten- 
nas*, by John D. Kraus, 1950, McGraw Hill Company. 
N.Y.. 7 
56 FIG. 3 is a simplified view showing antenna cov- 
erage patterns (Le. footprints") 80 and 81 of satellites 
42 and 41, respectively, of FIG. 1 as projected on the 
earth at different points in their orbits with antenna 
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ceil management according to the present Invention. 

FIG. 3 show the patterns 80 and 81 at equator 62 
and the respective size of antenna coverage patterns 
(patterns 80" and 81") as they near pole 60 when util- 
izing the cell management system of the present In- 
vention. The overlap of the cells shown In FIG. 3 near 
pole 60 has been reduced or eliminated. In FIG. 3, 
each satellite has an antenna coverage pattern such 
that, at equator 62 antenna coverage patterns 80, 81 
of adjacent satellites are adjacent, i.e., in contact but 
not greatly overlapping. This is needed to provide to- 
tal coverage at the equator. The antenna cell manage- 
ment method and system of the present invention 
modulates or turns various cells on/off so as to main- 
tain this "in contact but not greatly overlapping" con- 
dition as the satellites approach and depart the poles. 

While the antenna coverage patterns in FIGs. 2- 
3 are shown as having hexagonal outlines they may 
have different shapes and still achieve the desired 
coverage. For example, the outlines could be rectan- 
gular, circular, rhombic, or other shapes as desired for 
a particular application. The approximate hexagonal 
shape shown in FIG. 3 is preferred. 

FIG. 4 shows antenna coverage patterns 80, 81, 
82 of three satellites (e.g., 42, 41 , 40 respectively), in- 
cluding the individual cells that make up each anten- 
na coverage pattern or footprint as they appear at 
equator 62. Orbital paths 50 and 51 are also shown. 

Antenna coverage pattern 81 has region of over- 
lap 90 with antenna coverage pattern 82. Overlap re- 
gion 90 is hatched at 135° for easy visibility. The 
amount of overlap in region 90 is constant because 
the separation distance between the two satellites is 
a constant This type of overlap occurs between all 
satellites in the same orbit The amount of overlap re- 
gion 90 is generally arranged to be small so as to pro- 
mote minimurn interference yet not leave gaps. 

Antenna coverage pattern 80 has overlap re- 
gions 91 and 92 with antenna coverage patterns 81 
and 82, respectively. Overlap regions 91, 92 are 
hatched at 45° for easy visibility. These overlap re- 
gions constantly change as a function of the orbital 
position of the relatively moving satellites. At the 
equator, overlap regions 91,92 are also generally 
small. 

Antenna coverage patterns 80, 81 . 82 are com- 
prised of smaller elements called cells. The number 
and shape of the ceils are a function of the type and 
number of antenna or antennas on the satellite. For 
the example shown in FIG. 4, the satellites antennas 
each produce 37 cells, labeled cell 1 thru cell 37. Typ- 
ically, each ceil arises from one element of an antenna 
on the satellite. For example, the satellite antenna 
can be an array of microwave horn antennas such 
that each horn gives rise to a specific cell. Alternative- 
ly, the antenna can be one or more phased array an- 
tennas and be electrically steered to cover each cell, 
or a combination thereof. These and other forms of 



antennas having predetermined coverage patterns 
are well known to those skiled in the art 

Any means for producing a multiple cell antenna 
pattern may be used. The antenna pattern foot-print 
5 on the earth's surface Is typically altered by turning 
on and off or modulating various portions of the sat- 
ellite antennas producing the Individual cells. It Is also 
possible to vary the coverage or extent of Individual 
cells, that is, change their shapes/stze/locatlon rather 
10 than merely turning them on/off. 

While, in this example there are 37 cells per sat- 
ellite antenna foot-print there can be any number of 
cells. Those of skill In the art will understand that the 
number of cells Is a function of the economics of the 
15 system and the desired capacity. 

For communication between a satellite and a 
number of earth based stations, generally only a lim- 
ited number of communication frequencies or chan- 
nels are available. Spatial diversity between satellite 
20 antenna beams is desirable because satellite commu- 
nication capacity with a plurality of earth stations In- 
creases according to the number of cells projected by 
the satellite antenna system. 

A satellite nadir is defined as that point on the 
25 surface of the earth intersected by a line that projects 
from the center of the earth thru the center of the sat- 
ellite. The centers of the various cells projected by a 
satellite antenna generally maintain a constant dis- 
tance from the satellite nadir. The nadir cells for an- 
30 tenna coverage patterns 80, 81, and 82 are shown In 
FIG. 4 as cell 37. The center of cell 37 Is typically (but 
not essentially) on the nadirline. Thus, as the antenna 
pattern sweeps over the earth, the centers of the 
cells 1-36 are a constant distance from the center of 
as cell 37 for a satellite moving at a constant altitude and 
with constant cell size. If the cell size is changed then 
there is a corresponding change in the cell-to-cell dis- 
tance. The distance may be represented as many me- 
ters or miles on the surface of the earth or as an Inter- 
40 cellular angle knowing the satellites altitude. 

The center of each of the cells projected onto the 
surface of the earth has a specific longitude and lat- 
itude as a function of time for each point In the satellite 
orbit hereafter called the lat/lon/time position. Given • 
46 this lat/lon/tJme position and the cells sizes, the 
amount of overlap of cells from adjacent satellites Is 
determined as a function of time or orbital position. 
Orbital position includes not only a longitude and lat- 
itude type reference but also includes an altitude fac- 
50 tor. 

Because the satellite orbits the earth typically in 
a circular orbit while the earth is not a perfect sphere, 
the antenna patterns size can vary as a function of 
the orbital position. The patterns size will also vary for 
56 different satellites over the same location on the 
earth if they are at different altitudes. 

The "distance" between the center of each of the 
cells of neighboring antenna patterns Is computed 
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and then compared against a table of predetermined 
acceptable center-to-center distances between cells. 
FIG. 5 shows an example of cells from Intersecting an- 
tenna patterns 80 and 81 whose cells center-to-cen- 
ter distance is being calculated. The overlap regions 5 
are hatched at 45° for easy visibility. The "distance* 
may be calculated using any convenient coordinate 
system. 

Cells 8 and 7 are from antenna patterns 80 (see 
FIG. 4) and cells 11 and 33 are from antenna patterns w 
81. The centers of some of the overlapping cells are 
Indicated by dots 121 thru 124. The distances be- 
tween center 121 of cell 8 and other centers are 
shown In FIG. 5 by distance lines 130-132. For exam- 
ple, there is distance 1 30 to center 123 of cell 33, dis- 15 
tance 131 to center 124 of cell 11 and, distance 132 
to center 122 of cell 26. 

If cells 7, 8 and 33, 11, 26 are converging, a de- 
cision needs to be made concerning which cell or cells 
are to be modulated, e.g. to turn off. In FIG. 5, the 20 
present overlap is not sufficient to warrant turn-off 
since gaps in coverage will exist if, for example, either 
cell 8 or 33 are turned off. But eventually, as the orbit 
progresses, the overlap will be such that colliding cell 
8 or 33 should be turned off. The preferred turn-off 
point is where the area of one cell overlaps about 70 
% of the other cell. The calculation of the actual cen- 
ter-to-center distance turn-off threshold which results 
in a 70% overlap is a function of the actual shape of 
the cells. Alternatively, the preferred turn-on point is 
where the area of one cell gaps about 10 % of the 
other cell. The calculation of the actual center to cen- 
ter distance turn-on threshold which results in a 10% 
gap is a function of the actual shape of the cells. 
Those of skill in the art will understand based on the 
description herein, how to calculate such turn-on/off 
points based on the cell size, shape and desired over- 
lap amount 

It is important that there continue to be sufficient 
power density at the location of an ISU on the earth 
so it can still transmit to and receive from a satellite. 
Cells are turned off as the satellites move toward the 
poles and turned on as the satellites move toward the 
equator. Turn-off occurs when the center-to-center 
distance between colliding cells decreases to a value 
where a cell can be turned off without creating a gap 
in antenna coverage. It is preferred to turn off cells of 
the lower angle satellite, i.e., the satellite having the 
smallest angle measured from the horizon of the ISU 
(or the largest angle measured from the nadir). Cells 
of the satellite most nearly directly overhead are pre- 
ferred to cells of a satellite at a small angle to the ISUs 
horizon and a large angle to the ISU nadir line. 

While the foregoing discussion describes the 
overlapping ceils as being turned on or off, those of 
skill In the art will understand based on the descrip- 
tion herein that other means or arrangements for 
avoiding undesirable overlaps can also be used. Non- 



limiting examples are changing cell sizes or location 
or numbers of cells or changing the antenna gain in 
such overlap regions so as to favor one satellite over 
another to avoid Interference. As used herein In ref- 
erence to satellite antenna patterns, references to 
turning cells on or off are intended to include such al- 
ternative means of locally affecting antenna sensitiv- 
ity or pattern so as to avoid interference or uncertain- 
ty of satellite selection by the ground station or unit 
(e.g. an ISU). 

FIG. 6 is a simplified flow diagram showing the 
preferred method for determining which celt to turn 
off or turn on. The method preferentially starts with 
the satellites at or very near the equator. This Is the 
location where, generally, all the cells of each satellite 
are on. The latitude and longitude of (preferably) the 
center of each cell of each satellite when on or near 
the equator is calculated and stored In block 200. 
Next, in block 201, the center-to-center distance be- 
tween cells is calculated and stored. For ease of ex- 
planation, the cells are assumed to be the same 
shape and have the same enclosed area For differ- 
ent shapes and areas, each center-to-center distance 
is compared to a unique "permissible distance", de- 
pending on the specific shapes and sizes. This is 
easily done with standard programming and a general 
purpose computer. The calculation need not be done 
for every cell in the antenna pattern relative to every 
other ceil in the adjacent antenna pattern. Rather, the 
distances from a turned-on cell at the periphery of a 
particular antenna pattern to the three nearest 
turned-on cells of the adjacent antenna pattern may 
be calculated. While the three nearest turned-on cells 
are adequate, there may be instances, for example, 
near the "corners" of the antenna cell patterns (e.g., 
cells 31 , 25, 10, 1 3, 7, 1 , of FIG. 4), where more than 
three may desirably be used. This is done for each 
cell on the periphery of the antenna pattern which is 
affected by changing overlap. 

FIG. 5, for example, shows that the distances be- 
tween cell 8 and cells 26, 33, and 11 are to be calcu- 
lated. These distances are used in the determination 
of the "best mode point", where the best mode is that 
point when turning off of a cell will result in the least 
amount of unacceptable cell overlap without having 
an unacceptable gap in coverage. 

The definition of best mode will vary as a function 
of the terrain beneath the satellite. The best mode de- 
terminants can be made up of many factors. For ex- 
ample, the best mode may permit large gaps in cov- 
erage over the oceans and artlc (few ISU's) while per- 
mitting large amounts of overlap in densely populated 
areas (many ISU's). The best mode is also affected 
by the actual antenna pattern. For example, when the 
antenna is a very narrow beam, the power density at 
the center of the cell Is much higher than at the edges 
of the cell, as opposed to the antenna with a broader 
pattern where the power density at the center of the 
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cell may not be much different from that at the edges 
of the cell. 

The center-to-center data la then sent to block 
202 where an analysis Is done to determine if the cen- 
ter-to-center distance Is less than the minimum per- 5 
misslble center-to-center distance for that antenna 
pattern at that particular satellite location (or orbital 
time). This is done for each of the distances calculat- 
ed in block 201. Should the answer be that there are 
no center-to-center distances less than the minimum 10 
permissible distance, (I.e., arrow 206), then the orbi- 
tal position for which the computations are being 
made is Incremented In block 203, for example, by 0.1 
degree latitude and the corresponding longitude. 
New cell locations are re-calculated based on t he new is 
assumed orbital position in block 200 and the process 
continues. Should the answer be that there are cen- 
ter-to-center distances less than the minimum per- 
missible distance, then (via arrow 205) the center-to- 
center data is sent to block 204 to determine which 20 
cell to turn off. 

The determination of which cell to turn off made 
In block 204, is done in several ways as desired by the 
user. For example, (1) alternate cells can be tempor- 
arily turned off between adjacent satellites to see 25 
which arrangement gives the best performance (e.g., 
best signal to noise ratio) for the ISU's using the cell, 
(2) the choice of cell to be turned off can be made 
based on which cell and/or satellite has greater or 
lesser actual or anticipated loading, (3) the choice 30 
may be determined by which of the particular cells in- 
volved may have poorer intrinsic performance (e.g. 
downgraded by wear and tear), and/or (4) a combin- 
ation of these and/or other factors selected according 
to a predetermined weighting decision strategy which 35 
is stored in the satellite or transmitted from the ground 
or both. For example, in FIG 5, Instead of turning off 
cell 8 or 33 as the cells converge it may be more ad- 
vantageous to turn cell 7 off due to geographic, per- 
formance, or political considerations. Political consid- 40 
erations are, for instance, a requirement to comply 
with various governmental regulations within territor- 
ial boundaries or avoid Impinging on a particular ter- 
ritorial boundary. 

Tailoring is desirably used to adjust for any gaps 45 
In coverage that arise from a particular cell being 
turned off or otherwise changed in shape, size, loca- 
tion, power, etc. For example, if the center-to-center 
distances after the selected cell has been turned off 
exceed the maximum permissible center-to-center so 
distances, gaps in coverage may occur. If the analysis 
shows that a coverage gap will occur due to turning 
off a specific cell at a particular time the control sys- 
tem can allow the gap to exist or to direct the same 
or another cell to remain on or turn on to avoid the 55 
gap. For example, a gap Is likely to have little detri- 
mental effect, say over the ocean or late at night, but 
a great detrimental effect over populated areas or dur- 



ing peak usage hours. Thus, the position of the sat- 
ellites relative to earth features (e.g. particular 
lat/lon/time) is of concern. If there is no gap to be ac- 
counted for, then the cell Is turned off without analy- 
sis based on the located lat/lon/time. The selected 
cell is then turned off in block 211. 

The process proceeds to block 203, the assumed 
or actual orbital position Is incremented, and the proc- 
ess continges until the satellites have converged at 
their respective poles. Turning off unnecessary cells 
has the great advantage of conserving satellite power 
as well as reducing Interference. 

At the poles all the cells that are to be turned off 
will have been turned off and now the satellites will 
begin to diverge. When the satellites diverge It is nec- 
essary to turn cells back on to maintain the coverage 
without excessive overlap or unacceptable gaps in 
coverage. When the satellites are diverging, the infor- 
mation that was previously sent to block 202 is in- 
stead sent to block 207 where an analysis is done to 
determine if the center-to-center distance is more 
than the maximum permissible center-to-center sep- 
aration distance. This Is done at least for those active 
cells of the satellites at or near the footprint intersec- 
tion boundary in much the same manner described 
for the converging satellites. 

When the center-to-center distance is less than 
or equal the maximum permissible distance, then no 
cells are turned on. Via line 210, the assumed or ac- 
tual orbital position is incremented in block 203, and 
the new cell locations calculated in block 200, based 
on the new assumed orbital position, and the process 
continues. 

When the center- to-center distance is more than 
the maximum permissible center-to-center distance, 
then coverage gaps are about to occur and a decision 
to turn-on a cell is needed. This is done in block 208 
using strategy and tactics analogous to that descri- 
bed previously in connection with block 204. The 
function of block 204 and 208 can be provided by the 
same logical apparatus and the same software or 
firmware or code, taking into account that in the first 
(satellites approaching) instance, colliding cells are 
"on" and need to be turned "off and in the second 
(satellites receding) instance, separating cells are 
"off and need to be turned "on". 

The desired cell is then turned on in block 209. 
At this point a command is issued to block 203 to in- 
crement the assumed or actual orbital position and 
the process continues until the satellites have 
reached the equator. At the equator, 180 degrees of 
orbital latitude has been executed and the convergent 
path recommences and block 202 is once again func- 
tioning. This process continues until a full 360 de- 
grees of orbital latitude has been executed. This con- 
stitutes one orbital scan. Meanwhile the earth has 
turned under the orbiting satellite so that the satellite 
returns to the equator at a different longitude from 



6 



11 



EP0 549 220 A2 



12 



whence ft started. As the satellite continues its 360 
degree latitude orbits It continues to process In long- 
itude until it eventually returns to the starting longi- 
tude, whereupon the satellite begins once again to 
pass over the same locations on earth. The period s 
from the the Initial starting time until the longitude re- 
peats Is called a complete cyclical orbital time. Know- 
ing the complete cyclical orbital time, the cyclical or- 
bital time for each cell of a satellite can be determined. 
This is needed because the earth is rotating within 10 
the orbiting constellation and the tailoring of the cell 
turn-off and turn-on requirement to take terrain vari- 
ations Into account depends on the latitude and long- 
itude of a satellite and satellite antenna footprint 

Once the data for each satellite ceil turn-on and 15 
turn-off is obtained, a schedule of the turn-on and 
turn-off of the cells as a function of orbit is developed. 
For example, the schedule can be based on time or 
on satellite location In terms of longitude and latitude 
or angle or any convenient reference frame. This 20 
schedule may be loaded In the satellite prior to launch 
and/or updated or loaded after insertion into orbit 
The turn-on and turn-off schedule and decision criter- 
ia are desirably updated from time to time as the or- 
bital parameters and/or satellite properties change. 25 

Minimal ground control Is required after the sat- 
ellite is in orbit and the ground based satellite control 
system need only handle exceptions or updating of 
the cell control program to account for the drift or 
hardware degradation or other changes. For exam- 30 
pie, the pre-programmed onboard satellite antenna 
cell pattern memory may be modified by the ground 
based satellite control system to account for a cell 
whose performance has degraded. Another example 
is where one satellite is nearing maximum capacity as 
and if one particular cell was turned off, it could im- 
prove its communication capacity by switching heavy 
traffic In that cell to another satellite. The converse is 
true in the case of satellites moving away from the 
pole when the decision to turn cells on can be deter- 40 
mined by the traffic a satellite or cell is currently car- 
rying. 

FIG. 7 shows a preferred hardware embodiment 
for executing the above-described satellite cell man- 
agement invention. FIG. 7 shows satellite 40 which 45 
comprises satellite controller 300, satellite locator 
301, turn on/off schedule memory 302, command 
control receiver 303, individual cell transmit/re- 
ceive/antenna arrays 304-341, on/off switches or cell 
pattern, position or power modulators 342-379 and, 50 
communication routing matrix 380. Satellite control 
center 400 Is typically located on earth 59 but could 
be in another satellite. In the preferred embodiment 
of the invention, the predicted turn on/off schedule is 
calculated prior to satellite launch and loaded Into turn 65 
on/off schedule memory 302. The schedule contains 
the specific longitude and latitude and/or time where 
each specific cell should be turned on or off or other- 



wise modulated. 

Once placed in proper orbit, the satellite operates 
as follows. The following description assumes that a 
new satellite is being inserted to replace a pre-exist- 
ing satellite already carrying traffic, but those of skill 
in the art will understand that substantially similar 
procedures are used for a first-time satellite installa- 
tion and set-up. Satellite Control center 400 transmits 
to satellite 40 the location of satellite 40. Satellite 40, 
knowing its initial location tracks its position until it 
crosses the equator or other predetermined location 
at which point the cells are turned on forthe first time. 
At this point all the traffic from the satellite previously 
in that orbital location is rerouted through new satel- 
lite 40 by commands from satellite control center 400. 
If a predecessor satellite existed, it may at this time 
be de-orbited, moved to another orbit for reuse, or 
"put to sleep" until needed. Satellite controller 300 
periodically or constantly monitors satellite locator 
301 which keeps track of the satellites orbital position 
as a function of time, e.g. by calculating it based on 
known initial conditions or using a look-up table or by 
ground station query and response or by use of a Glo- 
bal Positioning system, or a combination thereof. 

When the location indicated in satellite locator 
301 matches a location in turn on/off schedule mem- 
ory 302 satellite controller 300 directs the appropriate 
switch (342-379) to open or close or vary as required, 
switches 342-379 are shown as simple on/off 
switches interrupting the flow of signals from commu- 
nication routing matrix 380 to receive/transmit/anten- 
na array 304-341 . In actual practice, this function may 
be done by removing the power to the transmitter and 
receiver circuits for the cell or any other convenient 
means. Shutting off the transmitter power has a par- 
ticular advantage in conserving power on the satei- 
lite. Other means of controlling cellular antenna sig- 
nals and/or power flows are well known to those skil- 
led in the art Control center 400 and controller 300 
route the affected traffic to or from another cell on the 
same or another satellite. 

Immediately prior to the command to switches 
342-379, an onboard analysis of the satellite commu- 
nication traffic being handled by communication rout- 
ing matrix 380 is done by satellite controller 300. This 
is desirable to allow for possible modification of the 
turn on/off schedule to provide the best mode of op- 
eration. Should the analysis indicate that there is no 
problem, then the action required by the data stored 
in turn on/off schedule memory 302 is carried out 

Should the analysis of traffic indicate that follow- 
ing the pre-set turn on/off schedule in memory 302 
would cause a problem, controller 300 is desirably 
programmed to; (1) In the case of minor problems, Ini- 
tiate the turn on/off command as scheduled which 
may cause lower priority calls to become noisy or be 
interrupted, or (2) in the case of major problems, de- 
sirably to contact satellite control center 4O0 for fur- 
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ther instructions. Satellite control center 400 then de- 
sirably analyzes the situation and directs the appro- 
priate action. For example, satellite control center 400 
may direct that alternate capacity be made available 
or may direct certain calls to be terminated or may 
shift some traffic to other satellites. Where the con- 
dition is likely to persist, ths turn on/off schedule 
memory Is desirably altered. 

The choice of the use of positional location (I.e., 
longitude and latitude, or angle and altitude) for keep- 
ing track of satellite position is solely for convenience. 
The turn on/off table can also contain time informa- 
tion and satellite controller 300, instead of comparing 
locations, compares time. The position of any satellite 
can be described as a function of location and/or time. 
If time is known, location can be determined. If loca- 
tion is known, time can be determined. Either will 
meet the needs of the satellite system cell manager. 

When time is chosen as the unit of measure it is 
desirable to periodically reset the satellite clock. After 
a certain amount of time, satellite 40 will have com- 
pleted a single orbit, utilizing the information gath- 
ered In one orbital scan. After a number of orbits sat- 
ellite 40 will have completed ail the available orbital 
scans and the clock is reset after each orbital cyclical 
time period. Otherwise, the satellite would only oper- 
ate property for one orbital cyclical time period. If the 
location of the satellite is used instead of time then 
there Is nothing to reset When the satellite starts to 
repeat its location the cycle begins anew on Its own 
accord. It is possible to determine the cyclical orbital 
position of each cell based on the knowledge of the 
total orbital cycle. An advantage of a location refer- 
ence over a time reference is that it facilitates the start 
up of new satellites. 

In a preferred arrangement employing seventy- 
seven tow earth orbiting satellites having seven orbits 
and eleven satellites per orbit, each orbiting satellite 
is moving in the same direction as its neighbor except 
for the orbits at the seam (see FIG. 1). In orbits where 
the satellites are moving in the same direction, the 
cells will be moving horizontally (east-west) relative to 
one another at much less than the approximately 
26,000 Mph orbital velocity. But at the seam, the cells 
will not only be moving horizontally (east-west) rela- 
tive to each other but also move in different vertical 
(north-south) directions. Thus, the cells along the 
seam must be turned on and off at a higher rate in or- 
der to maintain a continuous antenna pattern cover- 
age. This present method and apparatus accommo- 
dates these differences In relative velocity. 

A further benefit of this invention is that as the 
satellite communication system evolves, the number 
of cells will likely increase. For example, suppose an 
initial satellite cellular system has 37 cells per satel- 
lite. In order to Improve capacity and service addition- 
al users, a newer 74 cell satellite is placed In an ad- 
jacent orbit The means and method described herein 



is independent of the number of cells in a particular 
satellite antenna pattern. Further, additional satellites 
can also be used. 

A further benefit of the present Invention is that 

5 it compensates for the different antenna coverage 
when satellites are at higher or lower orbits than the 
nominal. This is Important since the altitudes of the 
satellites will likely be different to minimize the possi- 
bilities of polar collisions. A further benefit of the pre- 

10 ferred embodiment of the invention is that the proce- 
dure and schedule of celts to be turned on and off is 
conveniently stored in the satellite and is available to 
facilitate han ding-off existing calls In progress from 
one cell to another cell without Interruption of the 

15 calls. Thus, the problem of handing off a call being 
made in one ceil to another cell when the first cell is 
no longer available is made easier. Turning-off inter- 
fering cells also conserves power. 

Having thus described the present invention, it is 

20 apparent that the present invention provides a means 
and method whereby orbital satellite antenna cell cov- 
erage may be managed in a manner that adjacent cell 
interference is minimized while not allowing for exces- 
sive gaps to occur in antenna coverage regardless of 

25 the location of the satellites and cell coverage on the 
surface of the earth. Satellite power is conserved and 
local traffic variations or other unpredictable anoma- 
lies are accommodated. 

By now it should be appreciated that there has 

do been provided a novel way for ceil management of 
satellite cellular communication system without which 
the capabilities of orbiting satellites communications 
systems would severely hindered. 

While the invention is described in terms of spe- 

35 cif ic examples and with specific preferred embodi- 
ments, it is evident that many alternatives and varia- 
tions will be apparent to those skilled in the art based 
on the description herein, and it is intended to include 
such variations and alternatives in the claims thatfol- 

40 low. 



Claims 

45 1. A method of operation of a satellite communica- 
tion system (49) comprising: 

enabling first and second communication 
satellites (40, 42) having, respectively, first and 
second multicelled antenna patterns (82, 80) 

so which move over the surface of the earth relative 
to each other and overlap (92) by varying 
amounts as the orbital paths (50, 51) of the sat- 
ellites converge and diverge, wherein the first 
and second satellites (40, 42) are active a major- 

65 ity of their orbits and simultaneously service sub- 
stantially different, but adjacent geographical 
areas; 

determining, respectively, the relative lo- 
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cations (200) of first and second multicelled an- 
tenna coverage patterns of antennas of the first 
and second satellites; 

determining positions in the orbits (202, 
207} of the first and second satellites when the 5 
first and second multicelled antenna coverage 
patterns overlap by varying amounts as the sat- 
ellites moves with respect to each other; and 

modifying the antenna coverage pattern 
(211, 209) of one or both satellites as a function w 
of orbital position to avoid substantially interfering 
overlap or significant no-coverage gap. 

2. A method of operation of a satellite communica- 
tion system (49) involving two or more satellites 15 
whose antenna patterns overlap or gap during 
some portion of an orbit of at least one of the sat- 
ellites, comprising: 

determining, respectively, first and sec- 
ond antenna coverage patterns of antennas of to 
first and second satellites; 

determining when the first and second an- 
tenna coverage patterns overlap or gap as one of 
the first or second satellites moves with respect 
to the other; and 25 

modifying the antenna coverage pattern 
of one or both satellites .as a function of time to 
avoid substantially interfering overlap or signifi- 
cant no-coverage gap, wherein the antenna cov- 
erage patterns comprise cells whose activity is 30 
adapted to be modified, wherein the first deter- 
mining step comprises computing locations of 
centers of at least peripheral cells of the antenna 
patterns, and 

wherein the first determining step further 35 
comprises calculating center-to-center distances 

(201 ) of approaching or receding cells of the first 
and second antenna coverage patterns. 

3. The method of claim 1 or claim 2 where the mul- 40 
tlcelled antenna coverage patterns are modified 

by incrementally (204, 209) changing the number 
or size or location of the cells. 

4. A method for controlling the operation of a multi- 45 
satellite communication system (49), comprising: 

determining information concerning the 
orbital position or time when an antenna pattern 
of a first orbiting satellite substantially overlaps 

(202) or gaps (207) an antenna pattern of a sec- 50 
ond satellite in a different but approaching orbit 
wherein both antenna patterns move over the 
surface of the earth and relative to each other 

and service, except for overlap, different geo- 
graphic regions; 55 

storing Information related thereto on 
board the first (40) or second satellite (42) or 
both; and 



based on such stored Information, Incre- 
mentally modifying the antenna pattern of one or 
both satellites to reduce the overlap or gap dur- 
ing portions of the orbit when the satellites con- 
verge or diverge. 

5. The method of claim 4 wherein the modifying 
step further comprises modifying the antenna 
pattern (211, 209) of one or both satellites to sub- 
stantially maintain contact between the antenna 
patterns as the satellites diverge by alternately, 
between satellites, turning at least one of the an- 
tenna cells on or off as needed. 

6. The method of claim 4 wherein the first determin- 
ing step comprises determining a cyclical orbital 
position (200) when the antenna pattern of the 
first satellite substantially overlaps the antenna 
pattern of the second satellite and the modifying 
step comprises modifying the antenna pattern of 
one or both satellites whenever such orbital pos- 
itions repeat 

7. The method of claim 4 further comprising modi- 
fying the antenna pattern of whichever satellite 
has a larger angle to a nadir of a ground based 
user of the system. 

8. A system for managing satellite antenna cover- 
age of a non-geostationary orbiting multi-satellite 
system (49) for providing communication servic- 
es to users on earth to avoid interference or gaps 
between antenna patterns of approaching or de- 
parting satellites, comprising: 

memory means (302) for storing informa- 
tion concerning predetermined portions of an or- 
bit when an antenna pattern of one active satellite 
will or wOl not interfere with an antenna pattern of 
another active satellite (40), wherein said anten- 
na patterns of said active satellites move over the 
surface of the earth as a consequence of the or- 
bits; 

satellite locator means (301) for determin- 
ing current orbital information of the one satellite; 
and 

controller (300) means for comparing such 
current orbital information to the stored orbital in- 
formation to determine when a predetermined 
decision criteria is met, and then incrementally 
modifying an antenna pattern associated with 
the one or another satellite to avoid substantial 
interference or gaps between their antenna pat- 
terns while both satellites continue providing 
communication services. 

9. The system of claim 8 wherein the antenna pat- 
tern contains cells and wherein the controller 
means for modifying an antenna pattern further 
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comprises means for turning off or on Individual 
antenna cells (342-379). 

1 0. A method of operation of a non-geostationary or- 
biting satellite communication system (49) Involv- s 
ing two or more satellites whose antenna pat- 
terns overlap or gap during some portion of an or- 
bit of at least one of the satellites, comprising: 

determining, respectively, first and sec- 
ond multicelled antenna coverage patterns (200- 10 
201) of antennas of first and second satellites 
(40,42); 

determining when the first and second 
multicelled antenna coverage patterns overlap 
(202) or gap (207) as one of the first (40) or sec- 15 
ond (42) satellites moves with respect to the 
other; and 

incrementally modifying (211 , 209) the an- 
tenna coverage pattern of one or both satellites 
as a function of time by altering one or more of the 20 
multiple cells of one or both of the antenna pat- 
terns to avoid substantially Interfering overlap or 
significant no-coverage gap while both satellites 
continue to provide communication services. 



30 



35 



40 



45 



SO 



55 



10 



EP 0 549 220 A2 




EP 0 549 220 A2 




F*IG. 2 FIG. 3 

-PRIOR ART- 



12 



EP0 549 220 A2 




FIG. 4 



13 



EP 0 549 220 A2 




81 



FIG. 5 



14 



EP 0 549 220 A2 



— L , 

CALCULATE CELL LOCATION Y 



200 



CALCULATE CENTER TO \, 201 
CENTER DISTANCE 



202 



y 



IS CENTER TO CENTER 
DISTANCE LESS THAN 
MINIMUM PERMISSIBLE 
DISTANCE 



'205 



DETERMINE WHICH 
CELL TO TURN OFF 



204 



206 



TURN CELL OF?") 



211 



207 
J. 



IS CENTER TO CENTER 
DISTANCE MORE THAN 
MAXIMUM PERMISSIBLE 
DISTANCE 



DETERMINE WHICH 
CELL TO TURN ON 



210 



T 



208 



TURN CELL ON~| 



209 



INCREMENT ORBIT 



1 



203 



FIG. 6 



15 



EP 0 549 220 A2 



SATELLITE 
LOCATOR 



301 



SATELLITE 
CONTROLLER 



T 



300 



COMMAND 
CONTROL 
RECEIVER 



303 



TURN ON/OFF 
SCHEDULE MEMORY 



302 



380 



COMMUNICATION 
ROUTING MATRIX 



342 n 



343-378 
1__ 



379 n 



1- 



304 305-340 



341 



400 



SATELLITE 
CONTROL 
CENTER 



40 



59 



FIG. 7 



16 



